As the initial step in carbohydrate catabolism in cells, the substrate-specific 19 transporters via active transport and facilitated diffusion play a decisive role in passage of 20 sugars through the plasma membrane into the cytoplasm. The SecY complex (SecYEG) 21 in bacteria forms a membrane channel responsible for protein translocation. This work 22 demonstrates that weakening the sealability of the SecY channel allowed free diffusion of 23 sugars, including glucose, fructose, mannose, xylose, arabinose, and lactose, into the 24 engineered cells, facilitating its rapid growth on a wide spectrum of monosaccharides and 25 bypassing/reducing stereospecificity, transport saturation, competitive inhibition, and 26 carbon catabolite repression (CCR), which are usually encountered with the specific 27 sugar transporters. The SecY channel is structurally conserved in prokaryotes, thus it may 28 be engineered to serve as a unique and universal transporter for bacteria to passage sugars 29 as demonstrated in Escherichia coli and Clostridium acetobutylicum.
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Introduction 34 Synthetic biology aims to design and build biological systems to reprogram organisms 35 or even create artificial life (Smanski et al, 2016; Ausländer et al, 2017) . Sugars are the 36 major carbon and energy sources for living cells, thus transport of sugars across the 37 plasma membrane into the cytoplasm is an essential cell physiological function, which 38 relies on the sugar-specific transport systems involving active and passive mechanisms 39 (Cirillo, 1961; Reinhold & Kaplan, 1984; Chen et al, 2015) . Active transport requires 40 metabolic energy to passage molecules across the plasma membrane in the direction 41 against the concentration gradient, whereas passive transport moves molecules down its 42 concentration without needing an energy input, which can be further classified as 43 facilitated diffusion and free diffusion, respectively. Active transport and facilitated 44 diffusion are dependent on the specific molecular binding between cargo and transporter, 45 thereby exhibiting stereospecificity, transport saturation, and competitive inhibition 46 (Cirillo, 1961) . Moreover, numerous sugars are taken up with concomitant 47 phosphorylation via the phosphoenolpyruvate (PEP): carbohydrate phosphotransferase 48 system (PTS), which may cause carbon catabolite repression (CCR), leading to a diauxic 49 cell growth (Stülke & Hillen, 1999) . Fig 1A illustrates the main transporters of glucose, 50 fructose, mannose, xylose, arabinose, and lactose in Escherichia coli, a Gram-negative, 51 facultatively anaerobic bacterium. In contrast, free diffusion is a non-mediated transport 52 with a linear rate in proportion to the concentration difference. However, it is believed 53 that only small, non-polar molecules, such as carbon dioxide and oxygen, can freely 54 diffuse through the plasma membrane (Zhao et al, 2011) . Therefore, although many 55 4 sugars are transported passively, no sugars are known to enter cells via a free diffusion 56 manner (Romano, 1986) . 57 The protein translocation channel is a structurally conserved protein-conducting 58 system that allows polypeptides to be transferred across or integrated into cell membranes 59 (Osborne et al, 2005; Rapoport, 2007; Mandon et al, 2009 ). In bacteria, this channel is 60 formed by the SecY complex (SecYEG) and is located in the plasma membrane 61 (Brundage et al, 1990; Akimaru et al, 1991; Breyton et al, 2002) . The X-ray crystal 62 structure revealed that the SecY channel has an hourglass shape with a narrow central 63 constriction consisting of six hydrophobic amino acid residues termed the pore ring, and 64 the exofacial side of the channel is occluded by a short α-helical segment called the plug 65 domain (Van den Berg et al, 2004) ( Fig 1B) . The SecY plug domain serves as a physical 66 barrier that ensures the channel is sealed in its resting state (Li et al, 2007) . During When we expressed the SecY with deletion of the plug (SecY (ΔP)) in an E. coli 89 (ΔPtsG) lacking the glucose PTS (Plumbridge, 1998) (Fig 2A and B) , the cell growth 90 defect was not observed ( Fig 2D and E) . In contrast, the limited growth on glucose 91 caused by insufficient import of the sole carbon source was partially rescued. We 92 reasoned that the SecY (ΔP) channel might allow glucose to diffuse through the plasma 93 membrane due to its small V A (≈ 0.178 m 3 /kmol) and large diffusion coefficient (D AB ≈ 94 1.009×10 -9 m 2 /s) in water (Appendix Table S1 ), which was confirmed by a [ 14 C]-labelled 95 glucose transport assay ( Fig 2C) . With the purpose of further enhancing the glucose 96 uptake, SCVE was co-expressed with the SecY (ΔP) channel (Fig 2A and B) . The SCVE 97 has the ability to permeabilize the outer membrane of E. coli by formation of the 98 transmembrane pores as porins (Liao et al, 2004) . The reduced permeation barrier of the 99 outer membrane might increase the glucose gradient across the SecY (ΔP) channel, thus 100 accelerating the glucose diffusion into the cytoplasm ( Fig 2C) and resulting in a marked 101 6 improvement of the growth of E. coli (ΔPtsG) on glucose ( Fig 2D and E) as well as the 102 wild-type strain ( Fig EV1) . Moreover, the glucose PTS catalyzes the transport with 103 concomitant phosphorylation of glucose to glucose-6-phosphate. Therefore, once glucose 104 was inside the mutant E. coli, phosphorylation might become the activity limiting ), the strain lacking FruA grew on fructose at a similar rate to that of the wild-type 121 E. coli ( Fig 3A and B) , and the growth of the strain without ManXYZ on mannose was 122 even faster than the control (Fig 3D and E) , suggesting that the fructose or mannose 123 imported by the SecY (ΔP) channel already satisfied the cell demand. It should be noted 124 7 that the fructose taken up via the fructose PTS is concomitantly phosphorylated to 125 fructose-1-phosphate before further phosphorylation to fructose-1,6-bisphosphate 126 (Kornberg, 2001) ( Fig 1A) , but in our route, the phosphorylated fructose first appears 127 inside the cell as fructose-6-phosphate ( Fig 1C) , which is in agreement with the route 128 using the transporter of PtsG-F (Kornberg et al, 2000) . The data of growth kinetics in when compared with the wild-type E. coli (Fig 3G and J) , which was also found in the 143 case of mannose ( Fig 3D) . Interestingly, previous work reported that a mutant glucose AraFGH together with SCVE in E. coli (ΔAraFGH, ΔAraE) ( Fig EV2) , even though 148 AraFGH is regarded as an efficient uptake system for arabinose (Luo et al, 2014) . The 149 use of the SecY (ΔP) channel did not seem to facilitate the initiation of the arabinose-150 inducible promoter P BAD (Fig EV3) , which controls the synthesis of the key enzymes 151 (AraBAD) involved in the pathway of arabinose metabolism in E. coli (Schleif, 2000) . 152 Therefore, we suspect that the SecY (ΔP) channel might allow E. coli to import not only 153 sugars but also other small nutritional molecules, for which the cells adapted to growth 154 conditions more quickly than the wild-type strain. The mutant strain expressing SecY 155 (ΔP) with SCVE had μ max ≈ 0.258 h -1 on xylose ( Fig 3I) Table S1 ), resulting in a reduced 167 sugar flux through the pore ring of SecY (ΔP). We thus replaced the isoleucines 168 (molecular weight Mr ≈ 131.18 g/mol) in the pore ring with glycines (Mr ≈ 75.07 g/mol) 169 to amplify the channel open size ( Fig 4B) . As illustrated in Fig 4C, the glycine 170 9 substitutions at Ile 191 and Ile 408 (SecY (ΔP, IIIGIG)) provoked a 1.27-fold increase in 171 permeation of 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-172 NBDG) which has almost the same V A and D AB as lactose (Appendix Table S1 ). By co-173 expression of SecY (ΔP, IIIGIG) and SCVE, E. coli (ΔLacY) exhibited a moderate 174 growth on lactose 50 h after cell inoculation (Fig 4A) . 175 The benefits of using the SecY channel mutant for sugar transport 176 Unlike free diffusion which is linear in the concentration difference, the rate of active 177 transport or facilitated diffusion tends to approach saturation as the external sugar content 178 increases, thus exhibiting non-linear kinetics and limiting the cell growth rate. More 179 seriously, an excessively high sugar gradient across the cell membrane may force the cell 180 to lose water, causing significant growth inhibition. As shown in Fig 5A- Gram-positive, anaerobic bacterium, was found to grow faster when the SecY (ΔP) 186 channel was employed for xylose transport rather than using the native XylT at 70 g/L of 187 xylose ( Fig 5D) . The specific growth rate increased by over 18%, from 0.364 h -1 to 0.431 188 h -1 . Moreover, Fig 5E and Fig 5G) . Intensive efforts have revealed that the PTS of the preferred carbon 194 source plays a major role in CCR regulations (Deutscher et al, 2006; Görke & Stülke, 195 2008). However, deletion of the glucose PTS may lead to a reduced glucose uptake (Kim 196 et al, 2015) ( Fig 5H) . Our results show that replacing the glucose PTS with SecY (ΔP), 197 SCVE and Glk in E. coli enabled the cells to simultaneously utilize glucose and xylose 198 ( Fig 5I) , overcoming the CCR phenomenon, and the consumption rates of both sugars (Datsenko & Wanner, 2000) . Briefly, PCR product was generated by using 237 primers (Appendix Table S2 ) that are homologous to regions adjacent to the gene to be 238 inactivated and template pKD13 carrying kanamycin resistance gene that is flanked by induced with 0.4 mM IPTG at 25 o C for 12 h. After harvested by centrifugation at 5,000 303 × g and washed twice with PBS, cells were resuspended in PBS. Reaction was started by 304 addition of 2-NBDG to 10 μM at room temperature, and samples were taken at 5 min and 305 centrifuged at 5,000 × g to remove cells. The fluorescence of supernant was measured by 306 using F-320 fluorescence spectrometer (Gangdong, China) at λ Ex = 475 nm and λ Em = 550 307 nm (Yoshioka et al, 1996) . 
